INTRODUCTION
Lithium ion batteries are widely used as energy sources and energy storage devices today for their ability to achieve high voltages, high specific energy, and a long working life [1] [2] [3] [4] .
The advantages in regards to the reaction kinetics of transition metal oxides used in lithium ion batteries are their large surface area and spatial confinement. These oxides also offer additional active area for lithium ion insertion/extraction, thus enhancing the specific capacity and shortening path lengths to facilitate electronic and lithium ion transport, resulting in higher rate capabilities [5] .
In the quest for better anode materials, Fe 3 O 4 , another transition metal oxide, has been investigated in previous studies because of its high theoretical capacity (~926 mAh g -1 ), abundance, environmental friendliness, and good electronic conductivity [6, 7] . However, Fe 3 O 4 suffers from rapid capacity fading due to a large volume change and severe particle aggregation during lithium ion insertion/extraction, resulting in electrode pulverization and loss of interparticle contact [8] [9] [10] . To overcome these problems, a few approaches such as coating with conductive materials [11] [12] [13] [14] , constructing well-defined nanostructures [15, 16] , and using flexible polymer binders [17] [18] [19] [20] have been explored.
Carbon coating has been used to improve the cyclability of nanostructured electrode materials. The carbon in the coating buffers large volume changes and prevents aggregation of active materials [21] [22] [23] [24] . In recent years, carbon nanofibers (CNFs) have become very attractive in the field of energy storage devices as current collectors to replace metallic grids/foils or as additives to improve the mechanical/conducting properties of electrode materials [25, 26] . CNFs are very interesting owing to their high electrical conductivity of approximately 10 5 S cm -1 [27] .
In this work, graphite nanofibers (GNF) are utilized as a carbon source and as conductive agents owing to their good inherent physical and chemical characteristics, such as their two-dimensional (2D) tube structure (herringbone stacking arrangement), excellent dispersibility, and uniform conductivity [28, 29] . Until now, there have been no reports on Fe 3 O 4 -GNF composites for lithium ion battery anodes. Herein, we report the facile and scalable synthesis of Fe 3 O 4 -GNF composites for the first time. As compared with the common additive, graphite, Fe 3 O 4 -GNF composites exhibit a higher specific capacity and good cyclability. Additionally, the lithium ion diffusion coefficient increases by one order of magnitude higher than that achieved using GNF. 
EXPERIMENTS

Materials synthesis
Materials characterization
The crystalline phases and structures of the active materials were identified by X-ray diffraction (XRD, Dmax/1200, Rigaku, Japan) analysis using Cu Kα1 radiation (λ = 1.54056 Å) at 40 kV and 40 mA. The morphology of the prepared active materials was observed using a field emission scanning electron microscope (FE-SEM, S-4700, Hitachi, Japan).
Electrochemical measurements
Electrochemical experiments were carried out using 2032-type coin cells. The working electrode was prepared by mixing the active material powders with poly(acrylic acid) (PAA, Aldrich, average Mv ~450,000) at a weight ratio of 90:10 in N-methylpyrrolidinone (NMP, Sigma-Aldrich Co. Ltd., ≥99%). The obtained slurry was spread onto a Cu foil using a doctor blade, and was dried at 140℃ under vacuum for 7 h. The coin cells were assembled in an argon-filled glove box using lithium metal as the counter/ reference electrode, and 1 M LiPF 6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 v/v) as the electrolyte. Cyclic voltammetry (CV, WBCS-3000, Wonatech, Korea) measurements were performed from 3.0 to 0.01 V at scan rates of 0.05, 0.1, 0.2, and 0.5 mV s -1 . Galvanostatic cycling tests were conducted at a current density of 100 mA g -1 in the voltage range of 3.00.01 V at 25℃.
RESULTS AND DISCUSSION
XRD patterns of the active materials are shown in Fig. 1 . Figure 1(a) shows the XRD spectra of graphite and GNF. The spectra of both graphite and GNF exhibit a specific peak at 26.2°, which corresponds to the (002) crystallographic plane [11, 30] . As shown in Fig. 1 -G sample, a typical diffraction peak corresponding to the (002) plane is still observed at 26.2°, which can be attributed to crystalline graphite [31] . However, specific peaks for the (002) plane are not found in the diffusion distance; consequently, the lithium ion diffusion rate is increased.
To understand the influence of the graphite nanofibers and the Fe 3 O 4 phase present in the designed composite electrode on the electrochemical properties, CV was performed. Figure 3 shows the CV curves of the . From the second cycle, the cathodic peak shifted to a higher potential, approximately 0.60.7 V, which is possibly related to the insertion of Li + ions into the composite at different stages.
In subsequent cycles, the cathodic peaks of both samples shifted to approximately 0.96 V owing to electrode polarization, and the anodic peaks shifted slightly. However, both the currents and the integrated areas of the two peaks decreased substantially with cycling, indicating capacity loss due to the irreversibility of the electrochemical reaction.
CV is widely used to study the oxidation/reduction characteristics in electrochemical reactions and to obtain the apparent chemical diffusion coefficient of lithium ions. Figure 4 shows the CV curves of the Fe 3 O 4 -G and Fe 3 O 4 -GNF composite anodes during the third cycle at scan rates of 0.05, 0.1, 0.2, and 0.5 mV s -1 between 3.0 and 0.01 V. The irreversible behaviors become more obvious at higher scan rates, especially at 0.5 mV s -1 . This phenomenon can be explained by the fact that lithium ions cannot be completely inserted into and extracted out of the surface of the electrode [32] . The apparent diffusion coefficients (DLi) of Fe 3 O 4 -G and Fe 3 O 4 -GNF composites were evaluated using the results from Fig. 4 and considering the irreversible system using the following equations [19, 33, 34] :
(1)
where E p is the peak potential and E 0 is the formal potential.
The values of |E p -E 0 | were calculated as half of the difference between the peak potential values at the anode and the cathode. R is the gas constant, T the absolute temperature, F the Faraday constant, A the actual surface area of the electrode, ΔC Li the concentration of lithium ions (ΔCLi = 2.25×10 -2 mol cm -3 ), α the transfer coefficient, n the number of electrons involved in the rate-determining step (n = 8), k0 the standard rate constant, i p the peak current, and v the scan rate (V s The electrode charge/discharge capacities were measured by galvanostatic charge/discharge cycling at a constant current density of 100 mA g -1 (0.1 C) over the potential range of 3.0-0.01 V. Figure 6 shows 
CONCLUSIONS
In summary, Fe 3 O 4 -GNF composites were used as anode materials to improve lithium ion storage, with the GNF being used instead of a conventionally used conductive additive. In spite of the absence of a conductive agent, the Fe 3 O 4 -GNF (10%) composite anode still showed good electrochemical performance because of the high conductivity of the GNF. Moreover, this composite can possibly improve the energy density of lithium ion batteries. .
